One mechanism by which viral tropism may be controlled is by the expression of a specific virus receptor on the cell surface. This paper reports the identification of a putative cellular receptor for visna virus, the prototype virus of the family Lentiviridae. Using a virus overlay protein blot assay we identified a group of polypeptides of apparent Mr 30K to 33K which interacts with visna virus and is present on permissive but not non-permissive cells. A rat polyclonal anti-ovine major histocompatibility complex (MHC) class II antigen (Ag) serum raised to immunopurified MHC class II Ag, but not preimmune serum, blocked the interaction of visna virus with these polypeptides. In an ELISA, immunopurified MHC class II Ag bound to visna virus but not to bovine parainfluenza 3 virus. Preincubation ofvisna virus with immunopurified soluble MHC class II Ag resulted in a marked decrease in virus-induced syncytium formation, i.e. preincubation with class II Ag inhibited infection with visna virus, but we have been unable to inhibit infection using class II Ag-specific antisera. These results suggest that ovine MHC class II Ag acts as a component of a cellular receptor for visna virus. This is of particular interest owing to the close similarities between visna virus and human immunodeficiency virus (HIV), and the relationship between MHC class II and CD4, the cellular receptor for HIV. It is also of relevance to recent reports that a growing number of viruses utilize polypeptides of the Ig supergene family as receptors.
Introduction
The susceptibility of cells to virus infection is determined in part by early events in the infection process. This is particularly true for mammalian viruses, in which, in many cases, cellular tropism determines both host range and disease pathology. These tropisms are often determined by a specific interaction between a cell surface molecule and a specific viral structural polypeptide. The identification of virus receptors and the determination of their interaction with viral ligands is therefore of critical importance to the understanding of viral tropisms and in the investigation of the pathogenesis of virus-induced disease.
Several groups have identified cellular membrane polypeptides which can serve as viral receptors: these include the human CD4 molecule, which has been shown to function as a receptor for the lentivirus human immunodeficiency virus (HIV) (Dalgleish et al., 1984; Klatzmann et al., 1984) , the cellular adhesion molecule ICAM 1 which is a cellular receptor for human rhinovirus (Greve et al., 1989; Staunton et al., 1989) and major histocompatibility complex (MHC) class I antigen (Ag), which is a component of a cellular receptor for simian virus 40 (Atwood & Norkin, 1989) . The human and mouse MHC class I Ags have also been implicated in Semliki Forest virus infection (Helenius et al., 1978) ; however, teratoma cells which lack demonstrable class I Ag can be infected (Oldstone et al., 1980) . Similarily, the fl-adrenergic receptor has been identified as a receptor for reovirus on some cell types (Co et al., 1985) , whereas a different molecule has been implicated as a receptor on others (Choi & Lee, 1988; Verdin et al., 1989) . There is also evidence that CD4 is not the sole receptor for HIV (Harouse et al., 1989) . Thus, although many reports of virus receptors exist, these should not be regarded as the sole receptor for a virus, but rather as one of several virus receptors or as components of a larger receptor complex, a point which may complicate future receptor specificity studies.
Visna virus is the prototype virus of the family Lentiviridae, other members of which include HIV, feline immunodeficiency virus and equine infectious anaemia virus. Visna virus infection in sheep results in the development of chronic pneumonitis and/or a progressive demyelinating disease, either of which may become manifest years after the initial infection. The virus has been shown to infect cells of the monocyte/macrophage lineage with cells in the central nervous system possibly being involved (Haase, 1975 Virus overlay protein blot assay (VOPBA). This assay was carried out using a modification of the method of Boyle et al. (1987) . Uninfected cells were lysed in SDS-PAGE sample buffer (150mM-Tris-HCl pH6.9, 2% SDS, 700mM-2-mercaptoethanol, 10% glycerol) and polypeptides were boiled for 3 rain prior to being separated on an 8 % polyacrylamide gel. Separated polypeptides were transferred to a nitrocellulose membrane by electrophoresis at 0-4 mA/cm 2 for 1 h in 25mM-Tris, 20% methanol. Unfilled sites on the nitrocellulose membrane were blocked by overnight incubation at 4 °C with 2% bovine serum albumin (BSA) in 50 mM-Tris-HC1 pH 7.4, 1 mM-EDTA, 150 mM-NaC1, 0'5% Tween 20, 0-1% BSA (wash buffer). Membrane strips were incubated with either culture fluid from visna virus-infected WSCP cells or uninfected cells for 1 h at 23 °C; the virus titre was 4 × l0 s to 6 × l0 s TCIDs0/ml. Unbound virus was removed by washing, and bound virus detected by incubation with a 1 : 100 dilution of rabbit anti-visna virus antiserum for 1 h at 23 °C, washing extensively in wash buffer and visualizing bound antibody using an 125I-labelled sheep anti-rabbit IgG. Strips were washed, dried and exposed to Kodak X-Omat S film at -70 °C.
Preparation of antiserum.
To produce anti-visna virus antiserum, rabbits were inoculated with virus which had been partially purified by density gradient centrifugation (Hoffman et al., 1985) . The serum obtained was absorbed onto an affinity column containing WSCP cell polypeptides. The serum was salt-precipitated with 50% saturated ammonium sulphate to obtain an enriched Ig preparation and applied to the affinity column and allowed to recirculate for 12 to 16 h at 4 °C. The column was washed with PBS and bound Ig removed by washing with 0-1 ~i-glycine (pH 2). Material which had not bound was reapplied to the column for four cycles, then divided into aliquots and stored at -70 °C. To produce anti-ovine MHC class II Ag antiserum, ovine MHC class II Ag was immunopurified using the rat anti-ovine class II Ag monoclonal antibody (MAb) SW73.2 (Hopkins et al., 1986) . Rats and rabbits were inoculated and the sera obtained pooled prior to use.
Preparation of WSCP cell polypeptide affinity column.
Approximately 5 × 107 WSCP cells were lysed in 3 ml PBS/1% NP40 (Sigma). It was not possible to determine accurately the concentration of protein in the lysate owing to the interference of NP40. Polypeptides were linked to 2 ml Affi-Gel 10 (Bio-Rad) according to the manufacturer's directions. Unbound sites were blocked with 0.1 M-ethanolamine for 1 h, and the column was washed with PBS/0.1 M-glycine (pH 2) and stored in PBS/0.05 % sodium azide at 4 °C. Prior to use, the column was washed with PBS.
Purification of lymph cells. Afferent and efferent lymph was collected by cannulation of the relevant lymphatics (Hall & Morris, 1962) . Efferent lymph cells were pelleted by centrifugation at 1000 g, washed three times in PBS and counted using a haemocytometer. Afferent lymph cells were fractionated by density centrifugation (14% metrizamide) and the dendritic cell (DC) fraction was collected. This fraction contains approximately 90% DCs and 10% lymphocytes. As a control, ovine erythrocyte ghosts were prepared by hypotonic lysis. It is difficult to obtain good preparations from intact erythrocytes due to the high concentration of haemoglobin present in these cells.
Class llAg-biruting ELISA. Density gradient-purified visna virus was diluted in DMEM (pH 8-0) to approximately l0 s TCIDs0/ml and coated onto a microtitre plate by overnight incubation; bovine parainfluenza 3 virus (BPI-3) was used as a negative control. Wells were blocked with 2% BSA in PBS for 3 h at 23 °C, and serial dilutions of immunopurified ovine MHC class II Ag (Hopkins et al., 1986) were added to duplicate wells and incubated at 23 °C for 1 h. Unbound class II Ag was washed off and bound class II Ag visualized using the SW73.2 rat MAb followed by a 1 : 1000 dilution of peroxidase-coupled donkey anti-rat Ig (Sigma). After the addition of o-phenylenediamine dihydrochloride, the colour change was measured by absorbance at 492 nm. It was not possible to obtain an accurate value for the concentration of protein in the class II Ag preparation owing to the presence of triethanolamine in the preparation; however, by extrapolation from the intensity of silver-stained bands on SDS-polyacrylamide gels, the concentration of undiluted class II Ag was determined to be approximately 10 to 20 gg/ml.
TCIDso assay. WSCP cells were plated onto microtitre plates at 104 cells/well. Serial dilutions of virus were added to the wells and the virus was allowed to absorb for 1 h at 37 °C. The cells were washed and overlaid with DMEM containing 2% FCS. Wells were monitored for c.p.e, daily and the TCIDs0 was determined between days 15 and 20 using the method of Reed & Muench (1938) .
Inhibition of virus binding. Nitrocellulose strips of blotted WSCP cell
polypeptides were incubated with dilutions (1:50, 1:100) of the polyclonal rat anti-class II Ag antiserum or preimmune rat serum in DMEM, or DMEM alone, for 3 h at 23 °C. Antiserum was removed and the strips were incubated with either visna virus or DMEM as described above.
Preparation of soluble ovine MHC class HAg (sClass II Ag). Class II
Ag was solubilized by papain digestion of the extracellular domains, as described for human class II Ag (Wiman et al., 1982) . Twelve ovine spleens, obtained from the abattoir, were subjected to four cycles of freezing and thawing, minced, resuspended in 2 1 2 mM-Tris-HC1 pH 8.0, 150 mM-NaC1 and homogenized in a Dounce homogenizer. Debris was removed by centrifugation at 5000g for 10 rain and the supernatant was centrifuged at 105000g for 1 h to pellet the membranes. The membranes were washed twice in Tris/NaCl buffer and resuspended in 1 1 of Tris/NaC1 buffer containing 50 mM-cysteine and 50 mM-EDTA. Papain (BDH) was added to a final concentration of 3 mg/ml and digestion was carried out at 37 °C for lh. The reaction was stopped by the addition of iodoacetic acid to a final concentration of 55 mM and the pH adjusted to 8.0 with NaOH. The membrane fraction was removed by centrifugation at 105000g for 1 h and the supernatant containing sClass II Ag applied to an immunoaffinity column containing the class II Ag-specific MAb SW73.2. SClass II Ag was eluted with 15 mM-triethanolamine pH 11.5, 0-5 % sodium deoxycholate (DOC), 0-5 ~l-NaC1 and fractions were neutralized with 0-5 Mtriethanolamine pH 7.9. Eluted material was dialysed in 2 m~l-Tris-HCI pH 8.0, 150 mM-NaCI to remove the DOC and to precipitate any unsolubilized class II Ag. Insoluble material was removed by centrifugation at 105000 g for 1 h and the supernatant was reapplied to the affinity column. The supernatant containing sClass II Ag was recentrifuged and concentrated by reverse dialysis to a final concentration of 180 ~tg/ml. The presence of class II Ag in the preparation was confirmed by ELISA using MAbs SW73.2 (fl-chain specific) and VPM38 (a-chain specific) (Dutia et al., 1990) , and class II Ag was visualized by SDS-PAGE followed by silver staining or Western blotting.
Inhibition of infection by sClass HAg. These experiments were carried out using a primary ovine skin fibroblast line, YT40, because these cells readily form syncytia following infection with visna virus. YT40 cells were grown to 80% confluence in 96-weU microtitre plates. Several dilutions of virus (50 to 500 TCIDs0) in a volume of 50 lal were mixed with 50 ~tl (9 ~tg) sClass II and incubated at 37 °C for 1 h. As controls, virus was preincubated with DMEM, Tris/NaCl or Tris/NaCI/BSA. After 1 h at 37 °C, the inoculum was removed, and cells were washed twice with DMEM and overlaid with DMEM containing 10% FCS. At day 7 post-infection, monolayers were fixed in acetone/methanol (40:60 v :v) and stained with Giemsa. Syncytium formation was assayed by light microscopy.
Results

Identification of polypeptides that interact with visna virus
WSCP cells were studied for the presence of a specific cellular receptor for visna virus using a VOPBA (Fig.  1 a) . A specific group of virus-binding polypeptides of approximate Mr 30000 to 33000 was detected. The polypeptides from WSCP cells which were identified when strips were probed with DMEM alone are cell polypeptides which react with components of the visna virus antiserum used in the assay. This antiserum was raised against visna virus grown in WSCP cells and, despite multiple absorptions against cell polypeptides, retained some reactivity with WSCP cell components. When a non-permissive cell line (murine 3T3 cells) was probed with virus, no interaction with any polypeptide was observed, nor was any interaction observed when border disease virus was used to probe WSCP cell polypeptides (data not shown). Thus we conclude that the 30K to 33K Mr polypeptides may constitute a cellular receptor for visna virus.
Studies in this laboratory have shown that visna virus is associated with cells present in efferent lymph and with the afferent lymph DC fraction during antigenic stimulation of the appropriate lymph node of a persistently infected animal. Efferent lymph ceils and afferent lymph DCs were assayed for the presence of the putative receptor using the VOPBA. In both cell populations, visna virus interacted with polypeptides of Mrs similar to those seen in WSCP cells ( Fig. 1 b) ; sheep erythrocytes did not possess the polypeptides. These data suggest that this putative receptor is present on cells of the immune system and may be of significance in vivo.
Involvement of MHC Class H Ag
To investigate the possible involvement of the ovine MHC class II Ag molecule in the interaction with visna virus, we immunopurified ovine class II Ag by affinity chromatography. This immunopurified class II Ag consists of the intact ~/fl heterodimer and migrates as a Nitrocellulose strips of blotted WSCP cell polypeptides were incubated with 1:50 (lanes 2, 3, 7 and 8) and 1:100 (lanes 4 and 5) dilutions of a polyclonal rat class II Ag antiserum (lanes 2, 4 and 7), preimmune rat serum (lanes 3, 5 and 8) or no serum (lanes 1 and 6) for 3 h at 23 °C. Antiserum was removed and strips were incubated with either visna virus (lanes 1 to 5) or DMEM (lanes 6 to 8) as described.
group of bands of Mr 30K to 33K on SDS-polyacrylamide gels under reducing conditions [the ~-and flchains are resolved only under non-reducing conditions (see below) (Hopkins et al., 1986)] . No other non-class II Ag-derived polypeptides were detected in this preparation. A rat polyclonal, monospecific class II Ag antiserum completely blocked the interaction between visna virus and the polypeptides, whereas preimmune rat serum had no effect on binding (Fig. 2) ; the class II Ag- specific MAb used to immunopurify class II Ag did not block binding (see Discussion). An alternative explanation of the blocking of the virus-receptor interaction by class II Ag antiserum is that the putative receptor is of similar Mr to the class II Ag and comigrates with it, such that by binding to class II Ag the MAb is sterically hindering the interaction of visna virus with the receptor. To address this possible criticism, we determined the ability of immunopurified class II Ag to bind to visna virus (Fig. 3) . Class II Ag was found to bind to visna virus, but not BPI-3, confirming that purified ovine MHC class II Ag interacts directly with visna virus, as would be expected for a cellular receptor for the virus.
Inhibition of infection using sClass H A g
Since soluble CD4 blocks HIV infection (Clapham et al., 1989) , we investigated whether class II Ag is a functional receptor for visna virus by attempting to block infection of tissue culture cells with sClass II Ag. Class II Ag is a membrane glycoprotein composed of a heterodimer of ~-and fl-chains and, in its purified form, is soluble only in concentrations of detergent which exceed the critical micelle concentration. Since these concentrations of detergent are cytotoxic, we solubilized class II Ag by papain digestion (Wiman et al., 1982) , which cleaves between the extracellular and transmembrane domains of the ~ and fl subunits, and releases the extracellular domains into the supernatant. After digestion the released extracellular domains were immunopurified twice using an SW73.2 MAb affinity column. Analysis of the sClass II Ag by non-reducing S D S -P A G E showed that it contains two polypeptides of Mr 24K to 25K; the ~-and fl-chains of intact class II Ag under non-reducing conditions have Mrs of 28K and 32K (Fig. 4a) ; no other contaminating polypeptides were visible on this gel. When analysed by Western blotting using ct-and flchain-specific MAbs (Fig. 4b) , polypeptides of similar Mr to those seen in the silver-stained gel were detected by the fl-chain-specific MAb, whereas the ~-chain-specific MAb reacted with polypeptides of slightly greater Mr. In both cases the polypeptides detected in the sClass II Ag preparation were of lower Mr than intact class II Ag chains. These data demonstrated that the sClass II Ag preparation contains both ct-and fl-chains. The sClass II Ag preparation also reacted with both ~-and fl-chainspecific MAbs by ELISA and showed no reactivity with a class I Ag-specific MAb or a sheep erythrocyte-specific MAb (data not shown). MAb SW73.2, used to immunopurify the sClass II Ag, is a fl-chain-specific antibody; therefore the presence of s-chains in the immunopurified preparation demonstrated that the sClass II Ag retains its dimeric form after papain digestion and immunopurification. Virus was preincubated with sClass II Ag or, as a control, with Tris/NaCl buffer, Tris/NaC1 and BSA, or DMEM, prior to infection of YT40 cells. Preincubation of 50 TCIDs0 visna virus with sClass II Ag effectively blocked virus-induced syncytium formation (Fig. 5a ) as compared with the syncytium formation resulting from infection with virus preincubated with Tris/NaC1 (Fig.  5 b) . Inhibition by sClass II Ag was dependent on virus dose; no inhibition of infection was observed with 100 or 500 TCID5o virus. Similar results were obtained with both the K184 and VI strains of visna virus indicating that this result is not virus strain-specific. These data suggest that the MHC class II Ag is a component of a productive receptor for visna virus.
To date we have been unable to inhibit infection by visna virus following preincubation of target cells with either a rabbit or rat polyclonal anti-class II Ag antiserum, or a panel of class II Ag-specific mouse MAbs (data not shown).
Discussion
This paper presents data showing that visna virus interacts specifically with the MHC class II Ag and that preincubation with sClass II Ag, but not with class II Ag-specific antibodies, results in inhibition of infection. We interpret these data as indicating that class II Ag has a role in the initial events of visna virus infection, possibly functioning as a component of a cellular receptor. Using a technique similar to the VOPBA described in this paper, polypeptides of M~ 32K and 34K have recently been identified as putative cellular receptors for human cytomegalovirus (HCMV) (Adlish et al., 1990) ; no normal cellular function for these human cell polypeptides has been identified. However, as the human MHC class II Ag ~-and fl-chains have MrS of 34K and 28K, it is unlikely that the putative receptor for HCMV is class II Ag.
Binding of sClass II Ag to virus may inhibit infection by sterically blocking the receptor-binding site on the virus envelope. The virus-receptor complex may include class II Ag or the virus may simply bind to a similar or adjacent site on the virus envelope.
MAb SW73.2 does not block the interaction of class II Ag with visna virus in the VOPBA. This MAb may recognize a site on the class II Ag distinct from that which interacts with the virus envelope; in studies on the interaction between HIV and its receptor, CD4, four of 26 anti-CD4 MAbs failed to block the virus-receptor interaction (Sattentau et al., 1986) . The failure of class II Ag-specific anti-sera to inhibit infection could be explained as follows. (i) The affinity of visna virus for class II Ag may be so great that the available MAbs cannot block all virus binding. This would result in syncytium formation in our assay. (ii) Class II Ag forms part of a larger receptor complex in which virus binding to class II Ag is involved, but is not absolutely required for productive infection. Perhaps binding to class II Ag is a high affinity primary step which brings the virus into contact with its main receptor, in which case blocking class II Ag with MAb may still allow infection by a less efficient route. Alternatively, binding to class II Ag may not be required for penetration or an uncoating step. (iii) There may be a totally separate, second receptor which binds to the virus envelope using the same site as the class II Ag. Antibody bound to class II Ag would not block this interaction, whereas sClass II Ag bound to virus would. The evidence currently available does not allow us to determine whether any of these hypotheses is correct. Thus we would propose that MHC class II Ag forms part of a cellular receptor for visna virus, the exact nature of which has yet to be determined.
The identification of class II Ag as a component of a putative visna virus receptor adds new and important information to reports that several viruses utilize members of the Ig superfamily as receptors (Dalgleish et al., 1984; Klatzmann et al., 1984; Atwood & Norkin, 1989; Mendelsohn et al., 1989; Staunton et al., 1989) . Future visna virus research may contribute to the understanding of the interactions between viruses and this functionally important group of cell surface polypeptides, and the biological consequences of this interaction.
Other receptors for mammalian retroviruses have been reported (Kalynaraman et al., 1978; Dalgleish et al., 1984; Klatzmann et al., 1984; Albritton et al., 1989) ; however the only well characterized retrovirus receptor is the CD4 molecule, a cellular receptor for the human lentivirus HIV (Dalgleish et al., 1984; Klatzmann et al., 1984) . There are intriguing similarities between the components of this virus-receptor complex and the interaction between visna virus and class II Ag. Visna virus and HIV are closely related lentiviruses, sharing a common genome organization (Sonigo et al., 1985) . CD4 and MHC class II Ag are members of the Ig superfamily of proteins, both possess an Ig variable region-like amino-terminal domain and are functionally related (Hunkapillar & Hood, 1986; Doyle & Strominger, 1987) . Thus, two viruses which are closely related evolutionarily may utilize similarly related cell surface molecules as receptors.
The different disease pathologies induced by these two viruses reflect their cell tropisms. Such tropisms could be explained by the use of the two functionally related receptors expressed on the surface of the two populations of cells which interact to induce an immune response. Both DCs and efferent lymph lymphocytes constitutively express class II Ag, and it has been shown that infection of inflammatory cells with visna virus results in the release of mediators which enhance expression of class II Ag on inflammatory cells (Kennedy et al., 1985) . This may facilitate the spread of the virus during infection by amplifying the number of potential target cells, leading to further infection and ultimately persistence of the virus in the infected animal.
B lymphocytes and some populations of T lymphocytes also express class II Ag; however, to date, these cells have not been shown to be infected by visna virus. This apparent inconsistency may be explained in one of several ways. (i) B and T cells may in fact be permissive for visna virus infection, but detection methods used in the past might not have had the level of sensitivity required to demonstrate this. (ii) Visna virus may bind to class II Ag on B and T cells, but these cells may not express the other components of the receptor complex referred to above. (iii) Class II Ag may function as a receptor on B and T cells, but productive infection is blocked at a subsequent step in transcription or replication, as observed in other viral systems (Nelson & Groudine, 1986) . (iv) Visna virus may only interact with a subset of class II Ag molecules not expressed on B and T cells.
HIV has been shown to infect macrophages and DCs (Dalgleish et al., 1984; Ho et al., 1984; Patterson & Knight, 1987) , and it is becoming clear that infection of these cells plays a major role in its pathogenesis. These observations, together with reports which suggest that CD4 may not be the only cellular receptor for HIV (Harouse et al., 1989) , highlight the potential of studies on the interaction of visna virus with class II Ag on the surface of macrophages, and the biological consequences of this interaction, to provide a greater understanding of the role of macrophage infection in primary lentivirus pathogenesis.
